The emission spectrum of single-unit voltage-controlled colour-tunable organic light emitting devices (OLEDs) has been theoretically and experimentally studied. Our results show that by introducing the microcavity structure, the colour purity of not only the destination colour but also the colour-tunable route can be enhanced, while colour purity is still an issue in typical single-unit voltage-controlled colour-tunable OLEDs. With the consideration of the periodical cycling of resonant wavelength and absorption loss of the metal electrodes, the appropriate change in the thickness of the microcavity structure has been utilized to achieve voltage-controlled red-to-green and red-to-blue colour-tunable OLEDs without adding dyes or other organic materials to the OLEDs.
Introduction
Colour tunability by controlling the bias voltage can provide an extra degree of freedom for organic light emitting devices (OLEDs) to improve the performance and explore new potential applications. Various device structures have been used to achieve real-time colour tunability of OLEDs. A stacked device structure composed of two or three light emitting device units can realize real-time colour-tunable OLEDs [1] [2] [3] . The selection of colour is obtained by simply controlling the bias of each device unit. However, the number of layers of the two or three colour-tunable OLEDs is almost double or triple that of conventional OLEDs, respectively, which makes the device difficult to fabricate and easily introduces inherent optical resonance effects. In addition, the semitransparent intermediate electrodes between adjacent units, which are composed of a thin metal layer and a transparent indium-tin oxide (ITO) thin film for electronand hole-injection, respectively, are difficult to fabricate, in particular, the ITO. On the other hand, single-unit real-time colour-tunable OLEDs have been reported. Two or more 3 Author to whom any correspondence should be addressed. organic materials (small molecules [4] [5] [6] or polymers [7] [8] [9] ) with various spectral energy distributions have been used in a single device unit and the response for emitting the tunable colour obtained by varying the applied voltage. However, the emission spectrum is usually relatively broad and the colour purity needs improvement.
In this paper, our focus is on the study of the light emission properties of single-unit real-time colour-tunable OLEDs, operated by changing the applied voltage, with the aim of improving the colour purity and widening the colourtunable routes. Both theoretical and experimental works are conducted in this study. For modelling of OLEDs, light emits at the emitting region inside the multilayered structures. We will study the light emission properties by using the classical electromagnetic approach with the power radiated by a classical Hertz dipole in the recombination zone. In our model, a comprehensive consideration of the Purcell effect [10] due to the Fabry-Perot structure [11] of microcavity OLEDs, the nonradiative losses due to metal electrodes [12] and other materials as well as the effects of a thick glass substrate have been taken into account which have not been fully addressed by some recent reports [13] [14] [15] . We have recently reported the use of tris(dibenzoylmethanato) (bathophenanthroline) europium (Eu(DBM) 3 bath) as a good starting point close to the red corner of the CIE chromaticity diagram for wide colour tuning [16] . However, blue or green emission of colour-tunable OLEDs by using dyes is still broad. Here, we introduce an appropriate cavity structure not only to narrow down the emission spectrum but also to engineer the destination colour to blue or green without introducing extra light emitting materials to the device; yet red colour emission of the Eu(DBM) 3 bath at low bias is maintained for achieving voltage-controlled redto-green or -blue colour-tunable OLEDs with improved colour purity.
Experiment and modelling
The basic structure (Device A) of the colour-tunable device is ITO/Ag(x nm)/copper phthalocyanine (CuPc) (10 nm , respectively. The film thickness was monitored in situ using the quartz crystal monitor and ex situ by a stylus profilometer (Tencor α-step 500). The emission area of the devices is 4.57 mm 2 . Details of the fabrication steps can also be found elsewhere [17] . Using a monochromator (Acton SpectraPro 275) for the wavelength selection, the spectrum was detected by a photomultiplier (Hamamatsu R636-10 PMT with a response time of nanoseconds) and the OLEDs were biased by using a programmable Keithley source meter 2400.
In order to understand the colour tuning spectrum and design the cavity structures, the light emission of multilayered OLED structures is rigorously modelled through a classical approach with an emitting layer sandwiched between two stacks of films (M layers above and N layers below). The vertical electric dipole (VED) and horizontal electric dipole (HED) are located in the recombination zone with distances Z + and Z − from the top and bottom interfaces of the emitting layer, respectively, as shown in figure 1 . The two stacks of films above and below the emitting layer can be considered as two effective interfaces characterized by the total reflection and transmission coefficients r 
,
) is the amplitude reflection coefficient of a TM (TE) polarized plane wave in the medium ε i on an adjacent medium ε i±1 , respectively. t
) is the amplitude transmission coefficient of a TM (TE) polarized wave, respectively.
The total radiation power F V and F H for VED and HED, respectively, normalized by the radiation power of the dipole in an infinite medium ε e , can be obtained [10, 18, 19] : 
where k 0 is the wave number in vacuum. We define k z,i in the first quadrant of the complex plane to ensure the radiation condition at infinity. Similarly, the normalized power U V and U H for VED and HED, respectively, transmitted to the region M can also be obtained as Here (·) stands for the imaginary part of (·). For a randomly oriented dipole with equal probability for all directions in space, we have
where the superscripts TE and TM denote the TE and TM modes, respectively. With the consideration of the Purcell effect, the angular power density s(α) in the region M can be expressed from the transmitted power of equation (2):
by assuming ε M is real where k 0 is the wave number in vacuum and η 0 int is the internal quantum efficiency of the bulk emitting material. The emission spectrum can be determined as
where L(λ) is the intrinsic spectrum of the emissive materials. The refractive indices of glass, Alq 3 and NPD are taken from [20, 21] . The complex permittivity of ITO, Ag and Al is taken from [22] .
Results and discussions
The results of Device A with no Ag layer are shown in figure 2 (a). The spectra are normalized to the sharp red peak of the Eu(DBM) 3 bath at 620 nm for intuitively showing the changes. At a low bias, the sharp red emission of the Eu(DBM) 3 bath at 620 nm is obtained. When the bias is increased, the emission from NPD and exciplex enhances and gradually dominates the emission. The tuning of the emission colour can be explained by two factors. The first one is the efficiency reduction of the Eu(DBM) 3 applied voltage is high. This reduces the red emission of the Eu(DBM) 3 bath and blue from NPD dominates the emission. The other is the extension of the recombination zone in the device and thus the red emission exists at high voltages. As a result, a colour-tunable OLED from red to white is obtained. However, the broad emission of NPD and exciplex prevents the colour tuning from reaching the primary colour. The introduction of the Ag layer into Device A forms a cavity structure with Al so that the broad emission can be narrowed down. From the modelling results, the cavity resonance wavelength at zero degree (normal to the device surface) for the case of Device A with 40 nm of Ag and 50 nm of NPD is at about 550 nm as shown in figure 2(c) . Increasing the thickness of the Ag layer can further narrow down the resonance spectrum and improve the colour purity. However, the red emission of the Eu(DBM) 3 bath will be degraded. Therefore, there is a tradeoff between the red emission intensity and the colour purity of the resonance wavelength at 550 nm. The optimized experimental result of 40 nm of Ag is shown in figure 2(b) . With the microcavity effects, the broad emission of NPD and exciplex with full-width-half-maximum (FWHM) over 120 nm is significantly reduced by 2.5 times to about 50 nm. The emission spectra of Device A with the Ag layer biased at 10 V at different viewing angles are shown in figure 3 . It can be seen that due to the microcavity effect, the spectrum blue shifts when the spectra of Device A without Ag do not have any obvious shift as shown in the inset of figure 3 . As shown in figure 2(b), the peak wavelength is at 550 nm and in good agreement with the modelled results. The brightness of the device reaches about 600 Cd m −2 . The current efficiency at a low current density is about 3 Cd A −1 . By optimizing the material and device structure, it has been reported that the current efficiency of Eu(DBM) 3 bath OLEDs could reach ∼4 Cd A −1 [23] . It has been reported that the brightness and current efficiency can be improved by codoping an Eu material with a fluorescent dye of 4-(dicyanomethylene)-2-t-butyl-6(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran (DCJTB) [24] . Consequently, colour-tunable OLEDs from red to green with enhanced colour purity are achieved. The CIE coordinates of the emission of Device A can be determined from the spectra in figure 2 and the results are plotted as shown in figure 4 . The whole colour tuning route moves towards the boundary of the CIE chromaticity diagram with a more saturated colour than the device without the cavity.
Conventionally, the destination colour of the tunable OLED can be modified by doping NPD with dyes. Here, our aim is to engineer the colour-tunable OLED of Device A from red-to-green to become a red-to-blue tunable OLED without adding any other organic materials to the device structure. As shown in figure 5 , we can achieve the red-to-blue tunable Figure 5 (c) shows the modelling results when the thickness of NPD increases, the resonant wavelength red shifts and beyond the visible wavelength range when the thickness is thicker than 100 nm. The resonant peak cycles periodically such that when the NPD thickness is further increased to 140 nm, the resonance peak is at 388 nm. The magnitude of the zero degree outcoupling power density considerably reduces when the NPD thickness is less than 20 nm because the electric dipole is too close to Ag and the power is absorbed by the Ag layer. Using the NPD thickness of 40 nm, the resonant wavelength reaches about 450 nm. As shown in figure 5(b) , the blue emission spectrum is considerably narrower as compared with the one without the Ag layer ( figure 5(a) ) and the colour tuning route therefore moves towards the bottom boundary of the CIE chromaticity diagram of figure 4 with purer spectrum colour.
It should be noted that microcavity structures may result in a large angular dependence on the emitting colour, which causes problems for display applications. However, several methods have been actively investigated to address the viewing angle issues such as introduction of colour filtration [25] and structures with a dispersive refractive index [26] [27] [28] to reduce the spectral shift with a viewing angle.
Conclusion
Theoretical and experimental investigation of the emission spectrum of single-unit voltage-controlled colour-tunable OLEDs has been conducted in this paper. While colour purity is a concern in typical single-unit tunable OLEDs, our results show that microcavity structures can improve not only the destination colour but also the whole colour-tunable route towards saturated colour. With the studies on the periodical cycling of resonant wavelength and absorption loss of metal electrodes, the destination colour has been engineered by modifying the cavity thickness without adding any dyes to colour-tunable OLEDs. 
